Abstract-The window layer of the CIGS thin film solar cells plays the role of transparent front contact and the n-side of pn-heterojunction. Thus the variation of window layers electrical and optical properties can affect the cell performance. Properties of Al-doped Zinc oxide (ZnO) thin film as most common used window layer for CIGS solar cells were studied via simulation using the simulation program called SCAPS-1D. This study is aimed to find the effect of ZnO layer doping profile on cell performance. It is found that increasing Al-content up to 5% in ZnO layer will lead to increasing the cell efficiency and will decrease the cell series and shunt resistance.
I. INTRODUCTION
The ZnO thin film has been widely used as transparent conductive oxide (TCO) and window layer in thin film solar cells. The interests on ZnO material has increased due to its non-toxicity, affordable price and its direct band gap of around 3.3 eV [1] . It is a requirement to have high transparency and high electrical conductivity therefore the ZnO layer in the Cu(In 1−x Ga x )Se 2 (CIGS) thin film solar cell will operate as transparent front contact and also as window layer. In order to gain such desired optical and electrical properties and increase the stability, the ZnO layer is usually doped with group III metals, particularly with aluminum [2] . The highest efficiency records for CIGS technology belong to a sub-module and a cell with the efficiency records of 17.4% and 20% respectively, where Al-doped ZnO (ZnO:Al) was used as transparent conductive oxide window layer [3] , [4] . Obviously, changes in the dopant content will lead to variation of ZnO layer carrier concentration, transparency, bandgap and etc. [5] , which can consequently change the cell outputs and performance. Most studies have been done on buffer and absorber layers and their properties' effect on cell performance [6] - [8] , where as few studies worked on simulation of ZnO layer properties' effect on CIGS solar cells' output. In this paper, the cell structure ZnO/In 2 S 3 /CIGS is numerically simulated to observe the effect of ZnO layer's doping profile on the cell performance such as efficiency, Fill Factor, shunt and series resistance as parasitic resistive loss sources.
II. METHODOLOGY A. SCAPS-1D Numerical Simulation Program
This simulation study using SCAPS (a Solar Cell Capacitance Simulator) software (version 3.2.00), a numerical simulation tool written and introduced at the University of Gent [9] . It is generally developed for polycrystalline thin-film devices and especially used for CdTe and CIGS solar cells. Among different simulation software that are used for solar cells, SCAPS has the largest number of electrical measurements which can be simulated including open circuit voltage, current density, fill factor, quantum efficiency, cell output efficiency, generation and recombination profiles and many more. All these measurements can be done under dark and light conditions and under different temperatures as well. Layers can be added to the cell structure in SCAPS's problem setting window. The material properties for each layers should be imported into the software before running the simulation. This can be done by clicking on each layers' name and opening the layers' properties window.
B. Cell Structure and Materials Properties
The cell structure simulated is an n-ZnO/nIn 2 S 3 /p-CIGS that used the zinc oxide as TCO window layer and indium sulfide as buffer layer deposited on the top of CIGS absorber layer. Fig.  1 shows the structure of a CIGS solar cell. Each layers that are shown have special electrical and optical properties which should be given to software as inputs before starting the simulation. Table 1 shows the material properties which are used for the absorber (CIGS) layer and the buffer (In 2 S 3 ) layer. The transmission and reflection of the back and front contacts should be set earlier before running the simulation. For ZnO layer the thickness is considered constant at 200 nm. But since the other parameters such as bandgap, carrier concentration, absorption coefficient and transmission ratio are the function of Al dopant content, they are all varied during the simulation. Experimental studies on ZnO material properties show that an increase of Al content (%) as dopant in the ZnO layer will lead to an increase of ZnO layer transmission and carrier concentration [10] . Changes in optical transmission will lead to variation of absorption coefficient (α) and consequently energy bad gap (E g ) as function of α. 2 shows the variation of ZnO absorption coefficient in different value of aluminum dopant percentage. As shown in the ZnO layer with higher amount of Al-dopant has better absorption in relation to its application in CIGS solar cell. Fig. 3 shows the band gap of doped-ZnO material at different Aldopant content. It shows that by increasing of Aldopant in ZnO material, the bandgap will increases. By considering these facts, the simulation is done by keeping the buffer and absorber layers' properties constant and investigation of cell outputs at different Al-dopant content in ZnO layer. 
C. Solar Cell Equivalent Circuit
Theoretically, solar cells theoretically can be modeled and described by an equivalent circuit. There are two circuitry models for solar cell, single diode model (SDM) and double diode model (DDM). Fig. 3 shows the DDM of a typical solar cell which can describe the recombination mechanism in cell more accurately. Equation (1) is the DDM under illumination :
where the J is output current density, J L is the photo-generated current density, V is the voltage across the cell output terminals, k is the Boltzmann constant, q is the electron charge, R s and R sh are the series and shunt resistance respectively. In order to have optimum cell's output the series resistance should be as high as possible (ideally short circuit) and the shunt resistance should be as low as possible (ideally open circuit). Having R s more than 2.5 Ωcm 2 and R sh less than 100 Ωcm 2 can cause significant power losses. In this study in addition to the cell output parameters such as efficiency, fill factor, open circuit voltage and short circuit current density, the R s and R sh have been calculated from the slope of cell J-V curve. This is to find the effect of ZnO layer doping profile on these important parameters that are considered as parasitic resistances.
III. RESULTS AND DISCUSSION
The quantum efficiency of simulated CIGS thin film solar cell is shown in Fig. 5 . Simulation results shows that by increasing Al content in ZnO layer, the quantum efficiency will enhance. In cell with a highly doped ZnO layer, there will be more amount of incoming light that can pass through the TCO layer to the underlying layers and contribute to the quantum efficiency due to increase of ZnO layer's optical transmission. As it can be seen in Fig. 6 to Fig. 8 the open circuit voltage, short circuit current density and the cell efficiency had increased by increasing of ZnO layer's doping level. However the growth rate of current density is more than open circuit voltage. Thus the short circuit current density (J sc ) of the cell is more sensitive to the variation of ZnO layer . Unlike the efficiency, V oc and J sc , the fill factor of the cell decrease due to an increase in ZnO layer's doping level (Fig. 9) .
Fill factor can be considered as a function of parasitic resistive losses. These resistive losses will increase by the presence of series and shunt resistance and have distractive effect on fill factor. Amount of R s and R sh should be extracted and calculated from the J-V curve in order to understand the behavior of cell performance in relation with fill factor. In the cell's J-V curve the slope (dV/dJ) of the curve at V oc and J sc represent the series and shunt resistance respectively. Fig. 10 shows the J-V curve of the cell at different ZnO doping level. As it can be seen the slope of curve at V oc and J sc Fig. 11 and Fig. 12 show the variation of parasitic resistance (R s and R sh ) due to an increase of ZnO layer's doping level. As it can be seen both R s and R sh ) have falling trend due to rising of Al-dopant content. Although this trend is desired for R s , a decrease of R sh will lead to decrease of fill factor. But since the value of shunt resistance is still in a acceptable range of more than 100 Ωcm 2 , despite its effect on fill factor, the cell efficiency shows increasing trend.
IV. CONCLUSION
The cell performance is analyzed and simulated by the function of ZnO layer's doping profile. It can be concluded that the cell with higher doped transparent conducting oxide ZnO shows higher level of efficiency and both open circuit voltage and short circuit current density improved by increasing Al-dopant content mainly from 2% to 5%. The ZnO layer with higher doping level will enhance the cell property in terms of series resistance but it reduces the fill factor slightly by reducing shunt resistance. In this study the ZnO layer with doping level of up to 5% was investigated and the results show that although the shunt resistance decrease due to an increase of ZnO doping level of up to 5%, the cell efficiency has increased. The reason of this phenomenon is the shunt resistance's value is in acceptable range (more than 680 Ωcm 2 ) despite of its decreasing trend. It is worth noting that the transparent conducting oxide ZnO layer with Al-dopant content of more than 5% needs to be investigated in further studies in order to find the optimum value of doping level for ZnO material in relation with its application in CIGS solar cells.
